Purpose: This study was performed to establish an experimental rabbit model for single-stage maxillary sinus augmentation with simultaneous implant placement. Methods: Twelve mature New Zealand white rabbits were used for the experiments. The rabbit maxillary sinuses were divided into 3 groups according to sinus augmentation materials: blood clot (BC), autogenous bone (AB), and bovine-derived hydroxyapatite (BHA). Small titanium implants were simultaneously placed in the animals during the sinus augmentation procedure. The rabbits were sacrificed 4 and 8 weeks after surgery and were observed histologically. Histomorphometric analyses using image analysis software were also performed to evaluate the parameters related to bone regeneration and implantbone integration. Results: The BC group showed an evident collapse of the sinus membrane and limited new bone formation around the original sinus floor at 4 and 8 weeks. In the AB group, the sinus membrane was well retained above the implant apex, and new bone formation was significant at both examination periods. The BHA group also showed retention of the elevated sinus membrane above the screw apex and evident new bone formation at both points in time. The total area of the mineral component (TMA) in the area of interest and the bone-to-implant contact did not show any significant differences among all the groups. In the AB group, the TMA had significantly decreased from 4 to 8 weeks. Conclusions: Within the limits of this study, the rabbit sinus model showed satisfactory results in the comparison of different grafting conditions in single-stage sinus floor elevation with simultaneous implant placement. We found that the rabbit model was useful for maxillary sinus augmentation with simultaneous implant placement.
INTRODUCTION
Implant placement in the posterior maxilla remains a challenge due to reduced bone volume, resulting from alveolar bone resorption and/or pneumatization of the sinus cavity. To overcome the problem of inadequate bone volume, sinus augmentation has been performed. Sinus augmentation can be achieved using one of the following procedures: the crestal approach using the osteotome technique [1] [2] [3] [4] [5] or one-or twostage sinus floor elevation with a lateral approach [6] [7] [8] [9] . Sinus floor elevation for dental implant placement has shown satisfactory results regardless of the surgical approach [10] [11] [12] [13] [14] [15] [16] .
Various materials including autograft, allograft, xenograft, alloplast, and their combinations have been used for sinus augmentation. The fate of these grafts in the maxillary sinus has been investigated by many researchers. Because histologic investigation on human biopsies was restricted, animal models have been used. Watanabe et al. [17] used a rabbit maxillary sinus model for histologic investigation of the fate of autogenous particulated bone grafted in the maxillary sinus. Ever since the report by Watanabe et al. [17] , the rabbit sinus model has also been used to evaluate various graft materials and grafting protocols including recombinant human bone morphogenetic protein-2 and autogenous bone (AB) [18] , platelet-rich plasma (PRP) with an AB graft [19] , mesenchymal stem cells/PRP and AB with PRP complexes [20] , osteotome sinus elevation and simultaneous placement of porous surfaced dental implants [21] , and tissue-engineered bone complex with alloplast and bone marrow stromal cells [22] .
Those previous studies using a rabbit sinus model focused on the histologic changes of the grafted materials, and the surgical procedures performed were the first stage surgery of two-stage sinus floor elevation. However, one-stage sinus floor elevation with simultaneous implant placement is preferred to reduce the total treatment time in a clinical situation. At this time, no study using a rabbit model for one-stage sinus augmentation with simultaneous implant placement has been performed. The purpose of this study was to establish an experimental model for one-stage sinus floor elevation with simultaneous implant placement in rabbits. To evaluate the usefulness of the experimental model, the histologic changes of the augmented sinus cavity were observed and the histomorphometric measurements of several parameters related to the dental implant were also performed.
MATERIALS AND METHODS

Study design
Twelve mature New Zealand white rabbits (aged 3 months, and weighing 3 to 3.5 kg) were used for the experiments. The animal research protocol was approved by the Institute of Laboratory Animal Resources, Seoul National University (SNU-090407-1). This study was designed as a prospective, randomized, controlled experiment. There were three experimental groups according to the sinus filling materials: the blood clot (BC) group (elevated sinus cavity filled with BC), the AB group (sinus augmented with AB), and the bovine-derived hydroxyapatite (BHA) group (sinus augmented with BHA [BioOss, Geistlich Biomaterials, Wolhusen, Switzerland]). Both sinuses of each rabbit were augmented with 2 different materials. A total of 24 maxillary sinuses from 12 animals were elevated, and a combination of 2 different filling materials was randomly assigned to each rabbit according to the blocked randomization method. Six rabbits were sacrificed after 4 weeks of healing, and the other six rabbits were sacrificed after 8 weeks.
Surgical procedures
The surgical procedure performed in this study was a modification of a surgical procedure previously performed by Watanabe et al. [17] . The position and size of the access window was the same, but the bony window was removed by a low speed carbide round bur instead of being infractured.
The animals were anesthetized with an intramuscular injection of xylazine (8.8 mg/kg body weight; Rompun, Bayer Korea, Seoul, Korea) and ketamine (35 mg/kg body weight; Yuhan, Seoul, Korea). The estimated surgical area was depilated on the cheek of each rabbit using an electric shaver. The top of the head area was also depilated when there was a need to harvest AB.
For the sinus augmentation, the surgical site was disinfected with betadine, and local anesthetics (2% lidocaine solution; Lignospan, Septodont, Lancaster, France) were administered. A skin incision was made in the cheek a few millimeters above the inferior border of the incisive bone and the maxilla. The subcutaneous tissue and the masseter muscle were divided to expose the maxillary periosteum, which was incised and elevated. A low speed carbide round bur was used to prepare the window (5 × 5 mm with the distal border located about 2 mm anterior to the mesial surface of the maxillary first molar) in the lateral antral wall of the maxilla with care not to perforate the antral membrane. The sinus membrane was elevated with a surgical curette, and then a 1.4 mm diameter, 6 mm long titanium mini-implant (14-AT-006, Jeil Medical Co., Seoul, Korea), which was made of grade V titanium alloy and had a smooth surface, was installed on the edentulous alveolar ridge (Fig. 1) . The sinus space was augmented with one among the BC, the particulated AB, and the BHA according to the results of randomization. After augmentation, a single layer of collagen membrane (BioGide, Geistlich Biomaterials) was placed on the window, and the periosteum was closed tightly to secure the membrane with 4-0 chromic gut sutures (Woori Medical, Seoul, Korea). The skin was subsequently closed using 3-0 silk suture materials (Woori Medical).
The sinus augmentation procedures were as follows. For the BC group, about 1.5 mL of blood was collected during incision and flap elevation using two 1 mL insulin syringes. After completion of sinus membrane elevation, the collected blood was injected until the sinus cavity flooded. The volume of collected blood was sufficient to fill the elevated sinus space. The closure of the surgical site was delayed until the BC formation in the sinus cavity was identified. For the AB group, AB was harvested at the calvarium. The surgical site disinfec-tion and local anesthesia were performed in the same manner mentioned above. After an incision was made following the application of a sagittal suture on the calvarium, the periosteal flaps were reflected. Two whole-depth calvarial bone blocks were carefully obtained from the parietal bone using an 8-mm internal diameter trephine bur (Ace Surgical Supply, Brockton, MA, USA) with copious saline irrigation. Extreme care was taken to avoid injury to the brain. The periosteum was sutured with 4-0 chromic gut (Woori Medical), and the skin was then sutured using 3-0 silk (Woori Medical). The bone blocks were particulated using a bone crusher (BCR-02, Osung MND Co., Seoul, Korea), and about 1 mL of bone particles was obtained. All of the AB particles were packed into the sinus cavity. For the BHA group, BHA granules 0.25 to 1 mm in size were used. The granules were tightly packed into the sinus cavity. About 0.5 g of BHA granules was inserted per sinus cavity.
After surgery, the animals were administered antibiotics (57 mg/kg; cefazolin sodium, Chong Kun Dang Pharmaceutical Co., Seoul, Korea) by an intramuscular injection twice a day for 2 days. Each rabbit was individually caged and received food and water.
Histologic examination and histomorphometric measurements
Undecalcified histologic sections were prepared according to the sawing and grinding technique as previously described by Donath and Breuner [23] . The retrieved specimens were fixed in a 10% neutral-buffered formalin solution, dehydrated through a series of ethanol solutions of increasing concentrations, and embedded in embedding media (Technovit 7200, Exakt, Hamburg, Germany). The coronal sections encompassing the implant were sliced, ground with a cutting and grinding system (Exakt, Hamburg, Germany), and stained with basic fuchsin and methylene blue (Multiple Stain Solution, Polysciences, PA, USA). Histologic examinations were conducted using a light microscope (Olympus BH-2, Olympus Optical, Osaka, Japan). The microscopic image from each slide was captured and saved to a computer for histomorphometric analysis. Measurements were carried out using an automated image analysis system (Tomoro Scope Eye 3.5 Image Analyzer, Techsan Digital Imaging, Seoul, Korea).
In each specimen, the area of interest (AOI) was virtually selected (Fig. 2A) . The total area of mineralized component (TMA) and bone to implant contact (BIC) were measured in the AOI according to the following criteria.
AOI: the virtual rectangular box of which the vertical dimension was the distance from the peak of the 1st thread to the peak of the 4th thread and of which the horizontal dimension was 1 thread pitch distance from the valley of the thread (Fig. 2B) . The vertical dimension of AOI was set as the distance from the peak of 1st thread to the peak of 4th thread and the horizontal dimension was 1 thread pitch distance from the valley of the thread (B). In C, the area of newly formed bone and graft particles was yellow-highlighted for histomorphometric analysis. Basic fuchsin & methylene blue stain (A, ×20; B and C, ×40).
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1 Pitch distance 1 Pitch distance TMA (%): the ratio of the area (Fig. 2C ) of the newly formed bone and graft particles in the AOI to the total area of the AOI.
BIC (%): the ratio of the total perimeter of bone contact to the whole thread perimeter in the AOI.
Statistical analysis
The data from the histomorphometric measurements were analyzed using the Kruskal-Wallis test for intergroup differences and the Wilcoxon test for intragroup differences. Statistical analysis was performed on R 2.13.0 for Linux, and the significance level was set as 0.05.
RESULTS
The surgical experiments in the rabbits
In all of the animals, the sinus augmentation procedure with simultaneous implant placement was successfully performed without any significant problems. There was no sinus membrane perforation. All of the animals survived well until both examination points in time and the wounds also healed without any adverse reactions.
Histologic observation 4 Weeks
In the BC group (Fig. 3A) , the sinus membrane descended below the level of the implant apex. Most of the space under the sinus membrane was composed of loose connective tissue and adipose tissue. The newly formed bone that originated from the original sinus floor (OSF) was observed around the lower half of the implant. However, bone-to-implant contact was hardly seen. In the AB group (Fig. 3B) , the sinus membrane was observed around the implant apex. The augmented sinus cavity was filled with grafted bone particles and newly formed woven bone. New bone formation was mainly found near the screw surface, and bone-to-implant contact was observed. In the BHA group (Fig. 3C) , the sinus membrane was well supported above the level of the implant apex. Newly formed bone had been deposited on the surface of the BHA particles and the implant surface. Bone-to-implant contact was also found.
Weeks
In the BC group (Fig. 4A) , the drooping sinus membrane descended to the level of the apical third of the implant. New bone formation was mainly observed at the lower half of the screw, which extended from the OSF. The space between the newly formed bone and sinus membrane was filled mainly with loose connective tissue and adipose tissue. The lateral window area was still open and was penetrated by loose connective tissue and adipose tissues. Bone-to-implant contact was found only in the lower half of the implant. In the AB group (Fig. 4B) , the sinus membrane was well supported near the level of the implant apex. A large amount of new bone was deposited on the implant surface. Adipose tissues were also found in the central region of the augmented space. The lateral window was coalesced by new bone formation. Boneto-implant contact was evident along the whole implant. The BHA group (Fig. 4C) showed that the sinus membrane was The AB group, the sinus membrane observed beside the implant apex. The grafted autogenous bone particles were found. (C) The BHA group, the sinus membrane was supported by BHA particles above the implant apex. New bone was deposited on BHA particles. The sinus membrane was indicated by arrowheads. BC group: blood clot filled group, AB group: autogenous bone filled group, BHA group: bovine-derived hydroxyapatitie filled group, NB: newly formed bone.
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maintained above the level of the implant apex. Newly formed bone was found on the BHA surface and the space between the particles. The lateral window area was filled with BHA particles and newly formed bone. Evident bone-to-implant contact was also observed. Table 1 presents the histomorphometric results from the experiment. The TMA of all the groups ranged from 23.2 to 38.1% at 4 weeks and from 25.2 to 46.0% at 8 weeks. At 8 weeks, the AB group showed a decrease in the TMA, whereas the other two groups showed an increase, when compared to the 4 week results. The decrease in the TMA of the AB group between 4 weeks and 8 weeks was statistically significant (P = 0.028).
Histomorphometric measurements
The average BIC of all the groups ranged from 11.3 to 29.0% at 4 weeks and from 22.6 to 33.5% at 8 weeks. The BIC was also the greatest in the BHA group at both points in time. There were no significant differences between the groups at either point in time or between the 2 points in time within any group.
DISCUSSION
Animal models have been widely used in dental research to understand the nature of oral disease, to investigate the effects of different treatment modalities, and to test materials such as dental implants and bone grafts. According to a recent review [24] , rabbits have been used for establishing a new animal experimental model. The rabbit experimental model of maxillary sinus augmentation was firstly introduced by Watanabe et al. [17] . They stated that the advantages of the rabbit model were low cost, ease of experimentation, and easy distinction of membrane perforation. After their introduction of this model, successful experiments using the rabbit The AB group, the sinus membrane retained over the implant apex. Note the newly formed bone and central marrow spaces. (C) The BHA group, the sinus membrane was supported by BHA particles and retained above the screw apex. New bone was found between BHA particles. The sinus membrane was indicated by arrowheads. BC group: blood clot filled group, AB group: autogenous bone filled group, BHA group: bovine-derived hydroxyapatite filled group, NB: newly formed bone, BHA: bovine-derived hydroxyapatite. 23.0 ± 6. sinus model were performed by others. However, the previous studies had mainly focused on the response of various graft materials in the sinus without implant placement [18] [19] [20] 22] . As a result, they assessed new bone formation in a qualitative manner. Meanwhile, in the present study, the rabbit experimental model for maxillary sinus augmentation with simultaneous implant placement was successfully performed in order to compare different grafting materials. By employing a mini-implant as a reference for the measurements, space maintenance, new bone formation, and bone-to-implant contact could be successfully analyzed in a quantitative manner. Some technical limitations existed during histologic processing despite the positive results of this study. During sectioning, minor errors may have occurred because it was difficult to achieve sawing and grinding exactly through the center of the implant. Furthermore, due to the narrow diameter of the mini-implant, it was difficult to obtain more than one section or plane per specimen. To minimize sectioning errors, the TMA and BIC were analyzed in selected AOIs. Considering that the BC group showed limited new bone formation near the OSF and given the distance from the mini-implant to the medial wall of the sinus, the vertical dimension of the AOI was set as the distance from the peak of the 1st thread to the peak of the 4th thread and the horizontal dimension of the AOI was set as 1 thread pitch distance between the first and second thread in each section. Finally, the new bone area and BIC were also represented as a percentage degree instead of actual measurement dimensions. By employing the AOI, the differences in the amount of new bone formation and the bone-to-implant contact ratio after the use of various graft materials could be successfully compared.
The histologic changes after AB grafting in a rabbit sinus were observed by Watanabe et al. [17] . In their experiment, the rabbit sinus floor was elevated, and the space was filled with AB from the iliac crest. They observed active new bone formation until 4 weeks. However, they could see matured bone with a large central portion of marrow space filled with fat cells and surrounding continuous cortical bone. In the present study, the AB group showed new bone formation as well as the resorption of the grafted bone particles at 4 weeks. At 8 weeks, the AB group showed well organized bone healing. These findings are similar to the observations of Watanabe and colleagues, although there was a difference in the donor site.
For sinus augmentation, the slow resorption property of BHA may play a role in space maintenance. In addition, rapidly progressing degradation would endanger the stability of the implant site. In the present study, slow resorption of BHA and its effectiveness in maintaining the augmented space were also observed. The BHA group allowed in-growth of newly formed bone between the BHA particles. Meanwhile, resorption and/or replacement of BHA was hardly observed until 8 weeks. In the literature, the resorption of BHA has been a controversial subject. Schlegel and Donath [25] reported the retention of BHA particles after 6 years, and even longer in humans. They reported the in-growth of newly formed bone in the BHA scaffold and no clinical signs of BHA resorption. Meanwhile, McAllister et al. [26] reported that BHA grafted in the chimpanzee sinus had been resorbed and replaced by vital bone. Handschel et al. [27] performed a meta-analysis of sinus elevation with various grafting materials in humans. In their report, the total bone volume (TBV) of AB without any additional grafting material had decreased as time passed, while that of BHA, BHA with AB, and β-tricalclium phosphate showed a steep increase. In addition, TBV of AB only was significantly higher than that of others until 9 months, but the difference among the graft materials was lost after 9 months. In the present study, the AB group showed a decrease in TMA from 4 to 8 weeks, while that of the BHA group increased over time. Our group has reported on bone reaction to BHA alone for maxillary sinus floor augmentation in humans [28] . In that study, we observed an increase in the percentage of bone in the grafted area from 6 to 12 months without a concomitant decrease in the proportion of BHA. However, the question still remains as to what role AB plays in the healing process and whether it can be completely replaced with a bone substitute. Hallman et al. [29] evaluated implant integration in the posterior maxilla after sinus floor augmentation with AB, BHA, or a 20:80 mixture of the two. Their histomorphometric analysis showed no differences in the new bone area among the 3 groups, indicating that an AB graft can be substituted with BHA to 80% or 100% when used in sinus floor augmentation. Their results suggest that the effect of adding AB remains unclear.
The BIC has been regarded as a parameter for the biocompatibility of implant material. Johansson and Albrektsson [30] selected the 3 best consecutive threads of an implant for measurements of the BIC. In the present study, we also employed a similar method to analyze the implant response to 3 different graft conditions. At 4 and 8 weeks, the BHA group showed a slightly better BIC value than the AB group. This finding means that implant placement in 100% BHA for a sinus augmentation procedure resulted in a just as predictable integration as that of AB. Hallman et al. [29] also reported similar results in their human subjects. In their histomorphometric analysis, the BIC did not differ between the AB group and the BHA group.
In conclusion, the present study demonstrated that a dif-ferential response of the bone graft materials and therapies related to dental implants in the maxillary sinus could be established using the rabbit experimental model. In addition, it demonstrated that AB and BHA are both effective graft materials for sinus augmentation.
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